Two polyclonal antibodies, directed against N-terminal amino acids or the midregion (amino acids 34-53) of parathyroid hormone-related protein (PTHrP), were used to localize PTHrP in a variety of normal and neoplastic canine tissues. Parathyroid hormone (PTH) immunoreactivity was demonstrated using anti-bovine PTH (amino acids 14-34). The following tissues (among others) stained strongly positive for PTHrP: all layers of epidermal keratinocytes, with the most intense staining of the basal layer; hair follicle keratinocytes; myoepithelial cells of dermal apocrine glands, mammary glands, and apocrine glands of the anal sac; anal sac epithelium; mammary duct epithelium; and thyroid C cells. Adenocarcinomas of the anal sac stained moderately positive (5/22 dogs), weakly positive (1 1/22 dogs), or did not stain (6122 dogs). Most parathyroid gland adenomas stained moderately (216 dogs) or weakly positive (316 dogs) for PTHrP. Squamous cell carcinomas (6/6 dogs) stained strongly positive. Lymphomas stained weakly positive (2/10 dogs) or did not stain (8/10 dogs). There was no consistent relationship between the staining intensity of the tumors and serum calcium concentrations of the dogs. The anti-PTH antibodies stained only parathyroid chief cells strongly positive. Concentrations of PTHrP were measured by radioimmunoassay in protein extracts from an adenocarcinoma derived from the apocrine glands of the anal sac, pancreas, kidney, liver, heart, thyroid, adrenal, and parathyroid glands. PTHrP concentrations varied from undetectable up to 150 pg/mg in normal tissues as compared with 2,000 pg/mg in apocrine adenocarcinoma of the anal sac. These findings demonstrate the widespread localization of PTHrP in normal and neoplastic canine tissues and suggest a physiological role for PTHrP as a paracrine or autocrine factor.
Parathyroid hormone-related protein (PTHrP) is a polypeptide hormone originally isolated from tumors in human beings with humoral hypercalcemia of malignancy (HHM). 5,17,28.29 Human PTHrP is predicted to exist in three forms (139, 141, and 173 amino acids) resulting from posttranslational splicing of mRNA from a single gene. 16 .31 Sequences of rat, mouse, and chicken PTHrP indicate that there is a high degree of homology with human PTHrP. There are only two divergent amino acids in the first 1 1 1 N-terminal amino acids of human, rat, and mouse PTHrP.12. '5,26 In addition, canine PTHrP is structurally and antigenically similar to human PTHrP, as demonstrated by northern blot, N-terminal sequence analysis, and immunologic crossreactivity. I 1, 22, 33 PTHrP is one of the major factors that induce H H M and has been demonstrated in many tumors from human and animal It binds with affinity equal to that of parathyroid hormone (PTH) to the PTH receptor in bone and ludney. 6, 18 This binding re-sults in increased osteoclastic bone resorption and renal tubular calcium reabsorption. The PTH-like activity of PTHrP is confined to the first 34 N-terminal amino acids. Eight of the first 13 amino acids of PTH and PTHrP are shared, but there is little sequence homology beyond this region.14 In contrast to PTH, which is produced only by the parathyroid gland, PTHrP has been demonstrated in many normal human tissues, including epidermis and epidermis-derived structures, smooth and skeletal muscles, bronchioles, renal tubules, brain, parathyroid gland, adrenal gland, thyroid follicular cells, Leydig cells, ovarian granulosa and theca cells, mammary gland, placenta, and
The variety of normal cells capable of expressing the PTHrP gene may explain the spectrum of tumor types associated with HHM. However, tumors from normocalcemic human patients also produce PTHrP. For example, squamous cell, pulmonary, bladder, neuroendocrine, and renal cortical carcinomas and neo-plasms of the pituitary, parathyroid, adrenal medulla, and pancreatic islet have stained positively for PTHrP without being associated with HHM.1,7,8J3 Therefore, positive staining of neoplastic tissue must be correlated with serum calcium and PTHrP concentration^.^^^ Serum PTHrP concentrations are usually increased in human and animal patients with HHM.2',25
The purpose of this study was t o investigate the expression of PTHrP in normal and neoplastic canine tissues using immunohistochemical techniques. Neoplastic tissues were chosen to represent neoplasms often associated with HHM in the dog.
Materials and Methods
Normal tissues were collected from 12 adult dogs (six male, six female) obtained from the Teaching Hospital of the College of Veterinary Medicine, Ohio State University. The dogs belonged to various breeds or were of mixed breed. All dogs were necropsied within 2 hours after euthanasia.
The following organs were collected: thyroid and parathyroid glands, gonads, adrenals, pituitary, pancreas, lung, liver, kidney, spleen, heart, popliteal lymph node, urinary bladder, esophagus, stomach (fundus and pylorus), duodenum, colon, anal sac, skin, brain (cerebellum and cerebrum), and lumbar vertebra. The collected tissues were either fixed in 10% neutral buffered formalin for 24 hours before embedding in paraffin or frozen in liquid nitrogen for extraction and stored at Terminal blood samples were collected, and the serum was stored at -20 C until further processing. Serum calcium concentrations were measured using the cresolphthalein complexone (Sigma Diagnostics, St. Louis, MO) method.
Neoplastic tissues included samples of adenocarcinoma of the apocnne glands of the anal sac (22) , lymphoma (lo), oral squamous cell carcinoma (6) , parathyroid gland adenoma (6), and pheochromocytoma (1) from either surgical biopsies or necropsies performed in the Department of Veterinary Pathobiology at Ohio State University. Serum calcium concentrations were determined during routine serum profile analysis.
Polyclonal antibodies against human PTHrP (amino acids 1-36) were isolated from egg yolks from immunized chickens (as previously d e~c r i b e d ) .~~
The antibodies were immunopurified using PTHrP (1-36) bound to Actigel-ALD (Sterogene, Arcadia, CA). The protein fraction containing the antibodies was dialyzed against phosphate-buffered saline (PBS) (pH 7.4), lyophilized, and stored at 4 C until use. Antibodies from egg yolks from nonimmunized chickens were produced in an identical manner and used as negative controls. In addition, chicken anti-PTHrP antibodies were preincubated with PTHrP (1-36) (Bachem California, Torrance, CA) as a second negative control to demonstrate the specificity of PTHrP staining. Commercially available affinity-purified rabbit polyclonal antibodies against human PTHrP (34-53) (Oncogene Science, Manhasset, NY) were used to stain the same tissues. Final antibody concentration was 0.3 pg/ml. Both antibodies were used with and without preincubation with trypsin.
Normal tissue sections and parathyroid adenomas were -70 C.
also stained for PTH to determine the difference of localization between PTHrP and PTH. For these studies, goat affinity-purified antibodies (Nichols Institute, Los Angeles, CA) against bovine PTH (1 3-34) were used. Final antibody concentration was 0.7 pg/ml. Antibody solution preincubated with bovine PTH (1-34) at 4 C for 12 hours served as the negative control. Sections were deparaffinized, and endogenous peroxidase was blocked. Sections were preincubated with trypsin (0.19'0 trypsin and 0.19'0 calcium chloride, pH 7.8) for 30 minutes at 37 C. Nonspecific binding was inhibited with horse serum. The slides were incubated with the primary antibody for 12 hours at 4 C. The secondary antibody (biotinylated rabbit anti-chicken IgG [Zymed, San Francisco, CAI, biotinylated goat anti-rabbit IgG [Zymed], or biotinylated rabbit antigoat IgG [Vector Laboratories, Burlingame, CAI) was applied for 45 minutes at 20 C before incubation with avidin-biotinhorseradish-peroxidase complex (ImmunoPure@ Ultra-Sensitive ABC Staining Kit, Pierce, Rockford, IL). Slides were stained with diaminobenzidine (ImmunoPure@ DAB, Pierce, Rockford, IL) for 7 minutes; staining was judged negative, weakly positive, moderately positive, and strongly positive.
Selected normal and neoplastic canine tissues (anal sac adenocarcinoma (CAC-8) propagated in a nude mouse [I], kidney [ 5 ] , liver [5] , heart [5] , adrenal [4] , thyroid glands [5] , pancreas [4] , and parathyroid glands [pooled from seven dogs]) were extracted following the acid/ethanol procedure previously described.*O The tissues (1 g/4 ml) were homogenized in a solution of 375 ml of 95% (vol/vol) ethanol, 7.5 ml concentrated HCI, 33 mg phenyl-methyl-sulfonylfluoride, and 1.9 mg pepstatin. This solution was adjusted with distilled water to 6 ml/g tissue. After extraction for 12 hours and centrifugation for 20 minutes, the pellet was reextracted for 2 hours in a solution of 375 ml 95% ethanol, 105 ml distilled water, and 7.5 ml concentrated HCI. The supernatants were combined, and the pH was adjusted to 5.2 with ammonium hydroxide. One milliliter of 2 M ammonium acetate buffer (pH 5.3) was added per 85 ml of solution. Two volumes of cold anhydrous ethanol were added, immediately followed by four volumes of cold anhydrous ether. The solution was stored for 30-48 hours at -20 C and was then centrifuged. The pellet was redissolved in 1 M acetic acid (3-4 ml/g tissue), dialyzed against 0.17 M acetic acid at 4 C for 24 hours, and lyophilized. The lyophilisate was redissolved in assay buffer (1 mg/l ml) before use. The PTHrP contents of the extracts were measured by radioimmunoassay as previously described.24
Results
Serum calcium concentrations of the normal dogs were within the normal range (x k SD: 10 .5 k 1 .O mg/ dl). Half of each group of dogs with adenocarcinoma derived from apocrine glands of the anal sac, lymphoma, or parathyroid gland adenoma were hypercalcemic (> 12.0 mg/dl), the remaining half were normocalcemic (Table 1) . All the dogs with squamous cell carcinomas were normocalcemic (Table 1) . The one dog with pheochromocytoma was hypercalcemic.
The results of staining of normal canine tissues for PTHrP with chicken anti-PTHrP (1-36) are summarized in Table 2 . Staining patterns between the chickenderived polyclonal antibody to PTHrP (1-36) and the rabbit-derived polyclonal antibody to PTHrP (34-53) were identical when sections were stained without trypsin digestion. When the chicken-derived anti-PTHrP (1-36) antibody was used, preincubation with trypsin intensified the staining pattern. Trypsinization uniformly decreased the staining intensity of tissues when used with the rabbit-derived anti-PTHrP (34-53) antibody. Staining was completely inhibited when chicken anti-PTHrP ( 1-36) antibodies were preincubated with PTHrP (1-36) (Fig. l) , and staining was negative when egg yolk antibodies derived from nonimmunized chickens were used as primary antibodies. All layers of epidermal keratinocytes stained strongly positive for PTHrP, with the most intense staining present in the basal cell layer (Fig. 2) . The epithelial cells of the apocrine glands stained moderately positive and were surrounded by a layer of strongly positive myoepithelial cells. The sebaceous glands and smooth muscle of arterioles and arrector pili muscle were moderately positive; however, dermal collagen did not stain (Fig. 3) . Preincubation with trypsin enhanced staining of the basal cell layer and the myoepithelial cells. The squamous epithelium of the anal sac stained strongly positive with the most intense staining of the basal cell layer. The strongly positive staining of myoepithelial cells of the apocrine glands of the anal sac was enhanced by preincubation with trypsin, whereas the epithelial cells remained only weakly positive (Fig. 4) . C cells of the thyroid gland stained strongly positive for PTHrP (Fig. 5) .
The difference in staining intensity after trypsin digestion was most evident in the pars intermedia of the pituitary, which stained strongly positive for PTHrP in sections stained without trypsin digestion and did not stain after pretreatment. Osteoblasts and osteoclasts of bone reacted in a similar manner.
Adenocarcinomas of apocrine glands of the anal sac from hypercalcemic dogs ranged from moderately positive (five dogs) ( Fig. 6 ) to weakly positive (five dogs) for PTHrP. Adenocarcinomas of the anal sac from nonhypercalcemic dogs stained weakly positive (five dogs) or did not stain (six dogs). Two lymphomas (one each from a hypercalcemic and normocalcemic dog) stained weakly positive. The remaining lymphomas did not stain for PTHrP. All squamous cell carcinomas were strongly positive for PTHrP (Fig. 7) . The parathyroid gland adenomas from three hypercalcemic dogs all stained moderately positive for PTHrP, whereas those from normocalcemic dogs stained weakly positive (two dogs) or did not stain (one dog). By comparison, two of three parathyroid adenomas from hypercalcemic dogs stained positive for PTH and one was negative. The pheochromocytoma stained weakly positive, with individual cells moderately positive for PTHrP.
The anti-PTH antibody stained only the parathyroid chief cells strongly positively (Fig. 8) ; the remaining tissues were negative. The staining pattern was different than that for PTHrP, which was present diffusely throughout the cytoplasm of positive cells. In contrast, anti-PTH antibodies stained the chief cell cytoplasm in a granular pattern, often in a perinuclear location.
The PTHrP content of the extracted tissues varied considerably among canine tissues. The highest content of PTHrP was found in the adenocarcinoma derived from the apocrine glands of the anal sac, which had 2,000 pg PTHrP/mg wet tissue (Table 3 ). This tumor was derived from a hypercalcemic dog2* and stained moderately positive for PTHrP. Parenchymal organs had the lowest content of PTHrP: 5-10 pglmg wet tissue in kidney and liver or undetectable (< 1 pgl mg wet tissue) in the heart ( Table 3 ). Extracts of selected endocrine tissues ( e g , thyroid and adrenal glands) had more than twice as much PTHrP (20-35 pglmg wet tissue) as parenchymal organs ( Table 3) . The pancreas had the highest tissue concentration of PTHrP (1 00-1 50 pglmg wet tissue) of the normal organs evaluated ( Table 3 ). The size of the parathyroid glands required pooling of seven dogs. Canine parathyroids contained only 2 pg PTHrP/mg wet tissue (Table 3 ).
Discussion
Widespread localization of PTHrP in normal and neoplastic canine tissues was demonstrated by immunohistochemical methods. The distribution of PTHrP in dogs is comparable to the presence of PTHrP in many normal tissues in human Many epithelial tissues stained strongly positive for PTHrP, with most intense staining in the basal layer. Equal staining for PTHrP has been reported for all layers of the epidermis except the stratum c~r n e u m , '~ whereas another study was unable to demonstrate immunoreactive PTHrP in the basal or parabasal layer of skin.7 However, the antibody used in the latter study was directed against PTHrP (1-16). The antibody used in the present study was developed against a larger region (1-36) of the PTHrP molecule. The physiological function of PTHrP in normal tissues is not completely understood, but a paracrine or autocrine role has been suggested. Three different functional regions of the PTHrP molecule have been recognized: 1) N-terminal portion ( 1-34) with parathyroid hormone-like activity; 2) midregional fragment (67-86), which stimulates placental calcium transport; and 3) C-terminal segment (107-1 39), which inhibits osteoclastic bone resorpt i~n .~
The importance of these specific fragments in the regulation of normal calcium homeostasis is unclear.
Most adenocarcinomas derived from apocnne glands of the anal sac and associated with hypercalcemia stained positively for PTHrP. Certain anal sac carcinomas and all of the squamous cell carcinomas from normocalcemic dogs also stained positively for PTHrP. This finding indicates that immunohistochemical detection of PTHrP in neoplasms does not necessarily correlate with the development of hypercalcemia and is similar to that of another study' in which all squamous cell carcinomas from normocalcemic human patients stained positively for PTHrP. There is a much better correlation of an increased serum concentration Crone, Werkmeister, Steinmeyer, Capen, and Rosol ,, I of PTHrP with the development of hypercalcemia in human patients and dogs with HHM.2.23 Current evidence suggests that neoplasms may stain positively for PTHrP and not be associated with hypercalcemia for the following reasons: 1) inadequate production of PTHrP by a small neoplasm, 2) inadequate secretion of biologically active PTHrP, and 3) enzymatic degradation of PTHrP by the neoplasm. Therefore, immunohistochemical staining for PTHrP is not the best method to determine whether a neoplasm is able to induce HHM. However, most carcinomas that induce HHM will stain positively for PTHrP.
Extracts of pancreas and adrenal gland contained PTHrP, as measured by radioimmunoassay, but tissue sections failed to stain positive for PTHrP. The reason for lack of PTHrP immunoreactivity is unknown. Certain neoplasms derived from the pancreas or adrenal gland may be associated with HHM and PTHrP production.' The pheochromocytoma in this study was weakly to moderately positive for PTHrP, confirming the ability of the adrenal gland to produce PTHrP.
Pretreatment of tissue sections with trypsin resulted in decreased staining intensity when the rabbit-derived anti-PTHrP (34-54) antibody was used but increased staining intensity with the chicken-derived anti-PTHrP (1-36) antibody. This change in intensity may be due to structural differences and variable protease sensitivity of the epitopes to which the primary antibodies bind. The chicken-derived antibody binds to the first 36 amino acids of the N-terminus of the protein, whereas the rabbit-derived antibody binds to amino acids 34-53. Trypsinization may change the configuration of the antigenic epitope in such a way that binding of the chicken-derived antibody is enhanced but binding of the rabbit-derived antibody is decreased. It has recently been suggested that the arginine-37 site represents a natural endoproteolytic processing site of the p r~t e i n ,~' and cleavage at this amino acid residue PTHrP is an important humoral factor in the pathogenesis of hypercalcemia of malignancy in dogs. In contrast to PTH, which is produced only by the parathyroid gland, PTHrP was found in many normal and neoplastic canine tissues. The presence of PTHrP in normal tissues and in tumors not associated with hypercalcemia suggests a paracrine or autocrine role. Further studies are needed to understand the physiologic role of PTHrP in normal tissues and factors that control its synthesis and release by neoplastic cells. Avidinbiotin-peroxidase method, hematoxylin counterstain. Fig. 3 . Skin; dog. Moderately positive staining of sebaceous and apocrine glands and strongly positive staining of hair follicle keratinocytes for PTHrP. Avidin-biotin-peroxidase method, hematoxylin counterstain. Fig. 4 . Anal sac apocrine glands; dog. Strongly positive staining of myoepithelial cells for PTHrP and weakly positive staining of glandular epithelial cells. Avidin-biotin-peroxidase method, hematoxylin counterstain. Fig. 5 . Thyroid gland; dog. Positive staining of thyroid C cells and negative staining of thyroid follicular cells for PTHrP. Avidin-biotin-peroxidase method, hematoxylin counterstain. Fig. 6 . Anal sac adenocarcinoma; dog. Moderately positive staining of tumor cells for PTHrP. Avidin-biotin-peroxidase method, hematoxylin counterstain. Fig. 7 . Oral cavity squamous cell carcinoma; dog. Strongly positive staining of tumor cells for PTHrP. Avidin-biotinperoxidase method, hematoxylin counterstain. Fig. 8 . Parathyroid gland; dog. Positive staining of chief cells in a perinuclear granular pattern for parathyroid hormone. Avidin-biotin-peroxidase method, hematoxylin counterstain.
